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Revue Phys. Appl. 22 (1987) 1629 After passing these pulses through the fiber compressor, the compressed pulse width was about 0.5 ps.
The correlation trace showed a very broad wing as it did for the input pulse. The measured compression ratio is much smaller than the value by calculation. On the other hand, the hybrid mode-locking operation largely improved the characteristics of the pulse, i.e., the stability, the pulse shape and its width. We found that there are two different operating regions for stable mode-locking depending on the pumping power. With the DQOCI absorber Figure 2b shows the SHG autocorrelation trace of the compressed pulses. The pulse width of 0.15 ps is much shorter than that for the synchronous mode-locking alone. This is due to the increase of the effective peak power as a result of the reduction of the energy around the wing.
We further tried to control the pulse shape and its width by adjusting the pumping power level. With P/Pth = 1.1-1.5, a very clean pulse was obtained as shown in figure 3a . The SHG autocorrelation trace is best fitted by a 1.1 ps (FWHM) Gaussian shape which is plotted with black points. Then, the efficient pulse compression could be realized by using the well-controlled pulses. The compressed pulse of 103 fs (sech2 shape) shown in figure 3b is very clean and short, even though the input peak power of 3 kW is smaller than that for the case of figure 2a. The measured compression ratio is close to the calculated value of 11. The important point is that, in this laser system, the stable mode-locking region showing the shortest pulse width is broad in pumping power (P/Pth = 1.1-1.5), as in the CPM ring dye laser.
Main reasons for efficient pulse compression are the generation of clean pulse shape with little wings and resulting high peak power. Thus, positive linearchirp ideally occurs over the entire pulse envelope based on the combination of self-phase modulation and the positive group velocity dispersion [6] [7] [8] .
Experimental evidence for this fact was examined with a measurement of SHG autocorrelation trace of the broadened pulse after passing through the fiber.
The measured correlation width of 8 ps showed a triangular shape except the far wings. We can see from this result that the hybridly mode-locked dye laser system is superior to the synchronously modelocked one for fiber pulse compression.
The shortest pulse width of 90 fs was obtained near 600 nm, under the operating conditions with a peak power of 3.4 kW and a repetition rate of 0.8 kHz. From the measured spectral width, the time-bandwidth product was found to be 0.41, which is fairly close to but 30 % larger than that of the transform-limited pulse of sech2 shape. By using the spectrum-resolved SHG correlation technique [9, 10] , it was also found that the pulses are a little positively chirped. The [9] . The SHG autocorrelation trace of the pulse passing through an external grating-prism pair is shown in figure 5b. Except around the peak, the pulse is stretched by the negative dispersive element, which indicates the existence of negative chirp at the wings.
On the other hand, with P/Pth = 1.1-1.5, stable and clean pulses as in the result of figure 3a are obtained. Figure 7a shows an SHG autocorrelation trace of the pulse before passing through the grating at P/Pth = 1.5. The pulse width was 1.0 ps (sech2 shape) at 600 nm. A weak side-lobe was often observed under the condition of high concentration of the absorber dye (? 1 x 10-5 M) and high pumping power. The spectrum as shown in figure 6b exhibited a nearly symmetric shape with the width of 2.5 nm (FWHM), which was limited by the bandwidth of the birefringence filter used. The timebandwidth product of 2.1 is 6.7 times larger than that of the transform-limited sech2 pulse shape. This suggests the existence of large chirp. Note that both the spectral shape and the shape of the correlation Figure 7b shows an SHG autocorrelation trace of the compressed pulse after passing through the grating. When the separation of the grating-prism pair was 27 cm, the pulse was compressed to the minimum width of 0.23 ps (sech2 shape) with weak side-lobes.
It was then found that positive linear-chirp had occurred inside the cavity over the entire pulse envelope.
The compressed pulse serves as a probing pulse for the SHG cross-correlation measurement of the chirped pulse. Figure 8 shows the cross-correlation trace of the positively-chirped pulse at P/Pth = 1.5. Figure 9 shows the wavelength dependence of the compressed pulse width at P /Pth = 1.5. This is very similar to that for the external fiber compression in figure 4 . The high peak power and the clean pulse shape are maintained in this wavelength region. 
INTRACAVITY SELF-PHASE MODULATION. -
Here, we discuss the origin of the positive linearchirp inside the cavity described in 3.2, Recent studies show that intracavity self-phase modulation (ISPM) in cw mode-locked dye lasers plays an important role in the temporal and spectral behaviours of the output pulse, or in the pulseshaping [4, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The mechanisms of ISPM reported are largely different depending on the laser system and the operating conditions. The evidence of the existence of slow SPM (tp T r) in the absorber dye solution has been shown with a hybridly modelocked dye laser, where the pulse was characterized by having both negative and positive chirps [9] . Here, tp and T are the pulse width and the relaxation time of the nonlinear refractive index, respectively. It has also been reported that the behaviour of SPM in CPM ring dye lasers strongly depends on the absorber dye concentration (DODCI) [13] . In particular, under high concentrations of the absorber dye, which introduces shorter pulse width and higher pumping power, ultrafast SPM (ïr tp ) due to the electronic Kerr effect in the solvent rather than slow SPM originating from the dye solute becomes dominant.
The positive chirp observed, which is peculiar to our present laser system, can qualitatively be explained by this mechanism. The key point of our laser system is that a Bragg cell as a cavity dumper is introduced in the cavity as shown in figure 1 (1) and (2) values ; n2 = 1.1 x 10-13 esu., ns2=2.5 [10] [11] [12] esu., Zd = 0.24 mm, Zb = 3.6 mm, Ra = 50 mm, Rb = 100 mm, nd =zt nb, r 10 ps, and tp = 1.0 ps, the value of R is calculated from equation (3) to be 6.0. The magnitudes of n2 and Tr in the mixed dye solution are the same as reported previously [9] . Thus, the contribution of fast SPM to the chirp is expected to be dominant. Moreover, from the frequency independence of the compressed pulse width around the absorption peak (600 nm) of DQOCI shown in figure 9 , the contribution of slow SPM showing the off-resonance dispersion may also be ignored. Further, we can calculate from equation (2) Next, we consider a purely linear dispersion effect inside the cavity, which also causes the chirp and broadening of the pulse. For our input pulse of 0.23 ps width and 600 nm centre wavelength, the output pulse width after propagating along a typical dispersive medium (quartz) of 84 cm long (effective length) is calculated to be 0.54 ps from an existing formula [11] . Although this linear dispersion effect cannot be neglected in our laser system, the spectral behaviour and the pulse compression property in figure 9 depending on the peak intensity can no longer be explained from the linear effect alone. The generation of the clean positive linear-chirp in our case implies an effective contribution of the coupling between the linear dispersion and SPM inside the cavity as in the external fiber. This point largely differs from the previous results [9] . Further Previously, we demonstrated the measurement of femtosecond relaxation times ( 100 fs ) in organic dye solutions by transient nonlinear spectroscopy based on the four-wave mixing in k-space with two input pulses by using a passively mode-locked subpicosecond dye laser [20] . Such a subpulse-width resolution in the femtosecond region has been achieved with the measurement of peak-shift between the two correlation traces associated with two scattered light outputs. A similar study has been made by an extended scheme with three input pulses which improves the method [21] .
In conventional transient spectroscopy using transform-limited ultrashort pulses, however, the timeresolution is eventually limited by the pulse width of light sources or the pulse broadening effect in the measurement system. To avoid this difficulty, a new method of transient nonlinear spectroscopy using non-transform-limited light has been proposed and developed by our group and others [2, 3, figure 11 . Although exponential decay component arising from relaxation was not detected in the correlation curve, a clear peak shift between the two curves was measured to be 71 fs. To check the existence of thermal grating effect, orthogonal polarization scheme for the two incident beams was also tried. Measured correlation curves are shown in figure 12 . Although the output signal was a factor of ten smaller than that for the parallel polarization scheme, the curves show a clearly resolved peak shift of 65 fs in approximate agreement with that for the parallel polarization scheme. Thus, the peak shift is supposed to be insensitive to the thermal effect in this dye. Theoretical analysis has shown that this shift is a sensitive manifestation of relaxation effects in the resonant material [20, 21] . In general, this shift depends on both Tl (population relaxation time) and T2, and its calculated results based on an inhomogeneously broadened two-level model have already been presented [20] . Existence of crossrelaxation and multi-level effects will further complicate this dependence. Nevertheless, we can make rough estimation of T2 from the measured shift with the aid of the theory, because the shift comparable to the pulse width is dominantly governed by T2. Thus figure 11 were obtained as shown in figure 13 , although the measured peak shift of 59 fs and the width of the correlation trace are somewhat narrower compared to the case of transform-limited pulse. In this experiment, polarizations of the two beams were set to be parallel. It has already been shown that a chirped pulse plays a similar role in this type of four-wave mixing to an incoherent light having the same correlation time and provides much higher time-resolution than the light duration [2, 3] . The result of figure 13 gives experimental evidence for this prediction. A preliminary calculation of the peak shift in the correlation curve for chirped input pulses shows essentially similar T2 dependence to that for transform-limited pulses, although Tl dependence and detailed behaviours are fairly different. The value of T2 thus estimated is 30-40 fs, being consistent with that using transform-limited pulses. This result implies that the nonlinear spectroscopic method using chirped pulses is really effective for the relaxation study with high time-resolution. More improved studies of both theoretical and experimental are in progress, and the details will be given elsewhere.
In addition to the dye solution, we have also tried to measure the dephasing time of a semiconductor doped glass filter 1 mm thick. In this case, the output signal was about 20 times smaller than that for DODCI (Fig. 14) . Due to the low signal-to-noise ratio the peak shift could no longer be detected within the time-resolution limit of about 20 fs, indicating very fast phase relaxation. 5 
